









sisting of tubulin heterodimer molecules of alternating α and
β globular subunits (4-5 nm in diameter). In the MT the tubulin
subunits are aligned ‘head-to-tail’ in parallel rows along the
long axis (for a review see Gelfand and Bershadsky, 1991).
Vertebrate MT consists primarily of 13 protofilaments encir-
cling a hollow central core, thereby yielding a tube diameter
of ~25 nm. The radial protofilament thickness defining the MT
wall thickness is 4.0-5.5 nm from transmission electron
microscopy (TEM) (Cohen et al., 1971; Amos and Klug, 1974;
Cohen et al., 1975; McEwen and Edelstein, 1980; Amos and
Amos, 1991), although for hydrated MTs a wall thickness of
7.5-8.0 nm has been reported from X-ray diffraction and small-
angle X-ray scattering (Fedorov et al., 1977; Mandelkow et al.,
1977; Amos, 1979). It is possible that the wall shrinks during
the preparation procedure for electron microscopy and it is
further assumed that the inner and outer edges of the tubule
wall are obscured by the stain necessary for electron micro-











induced, e.g. by glycerol (Mandelkow and Mandelkow, 1979),
dimethylsulphoxide (Fakhari et al., 1984), or taxol (Schiff et
al., 1979). In cross-section they exhibit a C- or S-shaped
structure (Burton, 1981; Böhm et al., 1987). A hoop-like mor-
phology appears after association of the lateral edges of
ribbons (for structural details see Mandelkow et al., 1984). The
generation of dwMTs requires particular polycationic sub-
stances, e.g. histones, connecting two layers of tubulin protofil-
aments (Behnke, 1975; Jacobs et al., 1975; Burton, 1981).
From cross-sectional preparations, ~46 nm for the outer
diameter and ~15 nm for the wall thickness have been obtained
by TEM (Unger et al., 1988).
Scanning probe microscopy (including scanning force,
SFM, and scanning tunneling microscopy, STM) is uniquely
suited for investigation of the topography of biological
specimens at molecular resolution (for reviews see Engel,
1991; Marti and Amrein, 1993). Some attempts have been
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nents of the cytoskeleton of eukaryotic cells (for an
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Wff et al., 1989; Simic-Krstic et al., 1989; Hameroff et
; Dixon Northern et al., 1992). Despite the existence
rous well established specimen-preparation techniques
lin assemblies, an adaptation for scanning probe
opy has proven difficult.
s study we report the SFM imaging of MTs and poly-
 tubulin assemblies in air and in liquid. The latter capa-
 particular, offers unique opportunities for studying the
namic properties of these cytoskeletal elements. The
of immobilization required for achieving nanometer
n was provided by the use of polylysine-coated glass.
IALS AND METHODS
 assemblies
ule protein (tubulin and copurified MAPs) was isolated from
acetate in double distilled water or resin embedded and ultrathin
sectioned as described elsewhere (Jelke et al., 1987). The specimen




We investigated the topography of MTs after adsorption on
polylysine-coated glass. Polylysine was essential for the
retention and stability of MTs and stable imaging by SFM was
routinely achieved on such surfaces. Fig. 1A shows a typical
field of unfixed air dried MTs. The latter appeared in a slightly
curved fibrous morphology with randomized orientations and
with several cross contacts (fibrillar network). Fig. 1B presents
a perspective view of a surface area from which the microtubu-
lar dimensions could be obtained (Fig. 1C,D,E), i.e. a height of





















iine brain according to a slightly modified (Vater et al., 1983)
 of Shelanski et al. (1973). Protein concentrations were
d by the Lowry method (Lowry et al., 1951). MTs were
from assembly solution (1 mg/ml of microtubule protein in
N-morpholino) ethanesulfonic acid (MES), 80 mM NaCl, 1
lenebis(oxyethylenenitrilo) tetraacetate, 0.5 mM MgCl2,
GTP, pH 6.4) after incubation at 37°C for 30 minutes. MTs
der these conditions have predominantly 14 protofilaments
 al., 1984). Ribbons and hoop-like tubulin assemblies were
y adding taxol (10 µM) to the assembly solution; dwMTs
ined after reconstitution in the presence of 0.1, 0.25, and 0.5
stone H1 (Boehringer, Ingelheim, FRG). The assembly
were examined in the SFM immediately after formation.
preparation for scanning force microscopy
overslip (Plano, Marburg, FRG) cleaned by ultrasonication
eated by placing a 50 µl drop of polylysine (1 mg/ml, poly-
r, 6-9 kDa, Serva, Heidelberg, FRG, in double distilled
 the surface for 2 minutes. The excess polylysine solution
ved with a filter paper and replaced by a 50 µl drop of the
 product, which was likewise blotted off after 2 minutes of
n. The surface was washed twice with 50 µl drops of 20 µM
ouble distilled water. Excess liquid was soaked up with a
er and the specimen was air dried. For MT fixation the
 product was treated with 1% glutaraldehyde for 10 minutes
lacing the drop on the coverslip.
9-10 nm and a width of 70-100 nm. These values deviate sig-
nificantly from the MT dimensions derived from TEM (see Dis-
cussion below). The points of MT crossing-over were elevated
by ~9 nm, corresponding to the height of a dried MT. The
stacking orientation of the crossed MTs, however, could not be
resolved from the dried specimen. In Fig. 1A,B round protru-
sions 60-80 nm in width and 20-30 nm in height also appeared
on the polylysine surface, presumably formed by nonassembled
and/or denatured tubulin aggregates (see e.g. Keates, 1980). Fig.
1F shows a single MT at higher magnification. The MT surface
appeared slightly modulated along its longitudinal axis with
surface corrugations of 1-2 nm in height occurring with period-
icities of 40-50 nm along the microtubule length.
MTs adsorbed on a polylysine-coated grid were investi-
gated in parallel by TEM. In the whole mount preparation
(Fig. 2A) a pattern was evident, similar to that in Fig. 1A. At
higher magnification, however, a longitudinal striation
appeared in the MT (Fig. 2B), reflecting a protofilament sub-
structure (see e.g. Langford, 1980) that was not resolvable by
SFM. Longitudinally sectioned MTs (~25 nm in diameter)
with MAPs protruding from the MT surface are shown in Fig.
2C. Both the protofilament arrangement and the attached
MAPs may be responsible for the MT surface corrugations
seen by SFM (Fig. 1F).g force microscopy
surements were performed with a contact NanoScope III
nstruments (DI), Santa Barbara, CA) under ambient con-
9-25°C temperature, 15-50% relative humidity). The micro-
s equipped with a J-scanner with 135 µm×135 µm×5.5 µm
an range. Triangular cantilevers with integrated Si tips and
stants of ~0.06 N/m were used (Ultralevers, Park Scientific
ts, Sunnyvale, CA). Scanning was performed at ~8 Hz in
raphic (isoforce) mode at a minimum loading force typically
 range. SFM imaging in liquid was with a fluid cell (DI) and
 samples were rehydrated in phosphate-buffered saline
e SFM images (512×512 pixels) were processed with the
e software and with the programs Photoshop (Adobe
and Canvas (Deneba Systems) for presentation. The
ateral dimension of a surface feature is the full width at half-
 height determined by the sectioning software of the
e.
ssion electron microscopy
 the assembly product was either adsorbed on a polylysine-
rbon/Formvar grid and negatively stained with 1% uranyl
Polymorphic assemblies: hoops, ribbons and
double-walled microtubules
A collection of different tubulin assemblies air dried and
imaged by SFM is shown in Fig. 3. Ribbons, hoops (Fig. 3A)
and the more complex dwMTs are represented (Fig. 3B,C).
The hoops (Fig. 3A,h) coexisted with ribbons (Fig. 3A,r); both
were ~4.5 nm in height, i.e. half the height of the air dried MT.
Fig. 3B shows a mixed population of MTs and dwMTs formed
in the presence of 0.1 mg/ml histone H1. The dwMTs had a
width similar to that of dried MTs and a height of 16.5-20.0
nm, corresponding to about twice the height of dried MTs. In
addition, some broader structures, presumably comprising two
or more dwMTs, could be resolved. At 0.25 mg/ml H1 large
bundles of dwMTs were formed (Fig. 3C), whereas at 0.5
mg/ml (data not shown) only short dwMTs appeared together
with many granular background contaminations that were
formed most probably from amorphous H1/tubulin aggregates
(Unger et al., 1988).












in nm. (ng microtubules in liquid
maging in liquid was successful with fixed and rehy-
MTs. Fig. 4A,B shows a selected area of fixed MTs
 in air and in PBS buffer. Since the tips were irre-
y contaminated immediately after their engagement on
ed specimen, most probably due to an uptake of loosely
material, the images were blurred and the structures
ed broader (the MT diameter exceeded 140 nm). For
nd air dried MTs, a height of ~14 nm was measured in
selected sample regions (an example is shown in Fig. 4A,
lower right corner), a value significantly higher than for the
unfixed MTs. After rehydration, swelling of the fixed MTs
occurred up to ~20 nm in height (Fig. 4B, inset, lower right
corner). In other surface regions the height of fixed MTs was
difficult to measure due to the reduced topographic contrast.
Zooms of regions of overlapping MTs are presented in Fig.
4A,B (insets, upper left corners). Fig. 4B clearly shows two
parallel MTs on top of a single MT. In contrast, the stacking
MTs in the SFM. The height is color coded according to the horizontal bars. (A) A typical field of MTs adsorbed on polylysine-coated
d air dried. (B) Surface plot of a zoomed area. Tilt angle 75°. (C,D,E) Surface profiles along the lines drawn in B. Height and width are



















are indica. Vater and othersimmobilized on polylysine-coated carbon/Formvar grids and after contrast
 longitudinal striation pattern is due to the protofilament substructure. (C)
 along their longitudinal axis.The MAPs extend from the MT surface. ExamplesTs in the transmission electron microscope. (A) MTs 
ent. Overview. (B) MTs at higher magnification. The
 section of resin-embedded fixed MTs that were slicedon was not resolvable in the dried state (Fig. 4A). The
 the crossing point was ~30 nm, somewhat lower than
 for the stacking of two rehydrated MTs. This may
en in this case due to an elastic depression induced by
ing SFM tip.
SION
ral implications of the tubulin assembly
ions derived from scanning force
opy
udy we successfully imaged MTs by SFM in air and
. Different assembly products were clearly distin-
and structural details were revealed with a resolution
l nanometers. The structural implications of our MT
data are summarized in Fig. 5. For the unfixed and dried MTs
the height was ~9.5 nm (Fig. 1C). This value is less than twice
the wall thickness of a native MT (Fedorov et al., 1977;
Mandelkow et al., 1977; Amos, 1979). We conclude that the
MT collapses and the wall shrinks (Fig. 5A), as in the negative
staining procedure for TEM (McEwen and Edelstein, 1980).
The flattening occurring as a consequence of the collapse could
in part explain the large apparent width of the MT. After glu-
taraldehyde fixation and air drying the MT height was greater
(~14 nm, Fig. 4A), which could be due to prevention of
shrinkage by protein crosslinking leading to a retention of the
native wall thickness despite collapse of the tube (Fig. 5B).
After rehydration of the fixed MTs the height increased up to
~20 nm (Fig. 4B), indicating a partial restoration of the hollow
tube structure (Fig. 5C). Neither the protofilament structure of
the MT nor the associated MAPs observed after negative
ted by arrowheads.
1067Scanning force microscopy of microtubules
Fig. 3. SFM of polymorphic tubulin assemblies. (A) Ribbons (r) and
hoop-like structures (h) formed in the presence of taxol. Color bar,
30 nm. Inset: surface profile through a hoop along the broken line.
(B) MTs and dwMTs coexist after assembly in the presence of
histone H1 (0.1 mg/ml). Color bar, 50 nm. Inset: surface profile
along the broken line crossing a MT and a dwMT. (C) Bundles of
dwMTs appeared with 0.25 mg/ml H1. Color bar, 520 nm. Inset:
surface profile along the broken line.
Fig. 4. SFM micrograph of glutaraldehyde-fixed MTs in air and in
liquid. Top views. (A) Topography of the air-dried sample. Upper
left inset, perspective view of the area at the arrow in A; lower right
inset, cross-section along the arrow in A. (B) The same surface area




















































text for futhe surface relief). Elasticity is difficult to measure in the
standard continuous contact mode of the microscope. The
situation is more complicated when imaging in air, which
introduces substantial capillary forces due to the surface
humidity. The magnitude of the contact force also depends crit-
ically on the compliance of the cantilever (bending force) and
on the physical chemical properties of the tip material. Last,
but not least, shearing forces induced by tip tracking can be
involved. For that reason we have also performed SFM
imaging of MTs in the tapping mode (DI, for details see e.g.
Delain et al., 1992) in which the tip is in discontinuous (cyclic)
contact with the surface area (‘woodpecker mode’). Similar
MT dimensions were obtained (data not shown), from which
we conclude that shearing forces do not contribute significantly
to the systematic underestimation of the MT height (Fig. 4B).
Recently, viscoelastic measurements on soft materials were
reported that may offer a better understanding of the elastic
properties of biomaterials on the nanometer scale (Radmacher
. Vater and others
ructural implications of the MT heights from SFM
 under different experimental conditions. A single circle
 a cross-section of a tubulin protofilament. MT cross-
der the conditions: (A) unfixed and air dried; (B) fixed and
The fixed proteins do not shrink as in (A) and are therefore

































oFig. 2B) and section preparation (Fig. 2C) for the
re resolvable by SFM. However, the MT surface
 some corrugations (Fig. 1F), possibly due to the
MAPs and/or reflecting the intrinsic protofilament
re.
as also applied to the investigation of several poly-
assemblies. Hoops (height ~4.5 nm) were easily
 by their characteristic shape, whereas ribbons could
ntiated from MTs only by their height of ~4.5 nm,
f that of MTs. For dwMTs heights of 16.5-20 nm were
d, indicating values distinctly less than twice the wall
 of dwMTs (Unger et al., 1988). We assume that not
nner MT but also the H1 intermediate layer collapses
ks during air drying. The protofilament architecture
 not evident in the polymorphic structures. In
g the contrast in SFM and TEM one has to take into
hat in TEM the electron beam traverses the entire
.e. yielding a two-dimensional projection of the
lectron density map including also inner surfaces. In
SFM images reveal the equiforce surface topography
er boundary (interface) of the object. Thus, the tech-
e distinct but complementary. 
 limits of structural resolution in scanning
croscopy of tubulin assemblies
et al., 1993). We believe that further improvements in tip and
cantilever fabrication should increase the resolution power of
SFM by at least one order of magnitude. 
SFM in its present state can be applied to the rapid inspec-
tion of tubulin assemblies formed under various reassembly
conditions. The main advantage of SFM is the potential for
imaging MTs in liquid, i.e. under near native conditions. The
experiments in an aqueous environment presented in this study
are the first step towards this goal. The rehydrated MTs
withstand the loading force of the tip, at least to some extent,
such that swelling behavior is apparent. This is due to the rehy-
dration of the structure and/or to the drastic reduction of
capillary forces in the tip-sample contact. Further progress in
the SFM imaging of MTs and other tubulin assemblies will
require a method for mounting the samples on a solid support,
thereby retaining their native properties. Other topics of
interest for SFM studies of tubulin polymorphism are the
structure-function relations of the assembly process, e.g. asso-
ciation/dissociation of tubulin forming MTs, and the processes
that take place on the MT surface, e.g. the movement of motor
proteins along the tubulin lattice (Warner and McIntosh, 1989;
Scholey, 1993; Mercer et al., 1994). 
We thank M. Kittler for technical assistance. This work was
l imaging of the MT substructure requires a sub-
r resolution capability in the SFM. Despite the fun-
 dysfunctions in the mechanisms of contrast genera-
hasized above, the lower lateral resolution of SFM
 to electron microscopy is mainly due to the finite tip
hich limits the resolution to ~10 nm. We used etched
oduced by state-of-the-art microfabrication technol-
h in our experience exhibit the highest structural res-
eproducibly achievable in single particle detection
et al., 1993, 1994). Structural broadening due to tip-
onvolution is a well known effect in SFM (see e.g.
91; Bustamante et al., 1992; Fritzsche et al., 1994;
ta et al., 1994); that is, the tip profile limits the higher
quencies. Another problem related to the resolution
the SFM is the sensitivity of the cantilever, since the
rces between the tip and a surface area can induce
epression (or even plastic deformation) of soft
, such as biological specimens, thereby yielding a sys-
nderestimation of the height (or even destruction of
supported by the German Research Council (DFG) (Jo/105-9).
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